Abstract: In the present scenario to fulfill the demands of sustainable construction, concrete made with multi-blended cement system of OPC and different mineral admixtures, is the judicious choice for the construction industry. Silica fume (SF) and fly ash (FA) are the most commonly used mineral admixtures in ternary blend cement systems. Synergy between the contributions of both on the mechanical properties of the concrete is an important factor. This study reports the effect of replacement of OPC by fly ash (20, 30, 40 and 50 % replacement of OPC) and/or silica fume (7 and 10 %) on the mechanical properties of concrete like compressive strength and split tensile strength, with three different w/b ratio of 0.3, 0.4 and 0.45. The results indicate that, as the total replacement level of OPC in concrete using ternary blend of OPC ? FA ? SF increases, the strength with respect to control mix increases up to certain replacement level and thereafter decreases. If the cement content of control mixes at each w/b ratio is kept constant, then as w/b ratio decreases, higher percentage of OPC can be replaced with FA ? SF to get 28 days strength comparable to the control mix. A new method was proposed to find the efficiency factor of SF and FA individually in ternary blend cement system, based on principle of modified Bolomey's equation for predicting compressive strength of concrete using binary blend cement system. Efficiency factor for SF and FA were always higher in ternary blend cement system than their respective binary blend cement system. Split tensile strength of concrete using binary and ternary cement system were higher than OPC for a given compressive strength level.
Introduction
The scarcity of natural raw materials, depleting energy resources, problems of disposal of waste materials and global warming due to emissions of green house gases are the long-term results of rapid industrialization. Every industry tries its best to combat and minimizes these global problems. In concrete constructions, the primary route is to reduce the content of ordinary Portland cement (OPC) in concrete. The inclusion of mineral admixtures like fly ash, silica fume, granulated blast furnace slag, rice-husk ash, metakaolin, etc. as partial replacement of OPC helps in this effort.
For replacing high volume of OPC from concrete ternary blend cement system is used where OPC is replaced by two different mineral admixtures-one slow reactive mineral admixture like fly ash, blast furnace slag, etc. and other highly reactive mineral admixture like silica fume, metakaolin, etc. Fly ash and silica fume are the most commonly used two mineral admixtures. When OPC is replaced with fly ash the rate of strength gain of concrete is slower at early age. This limits its use in concrete where early strength is desirable. To overcome this problem, ternary blend of OPC, fly ash and silica fume is used. Addition of silica fume increases early strength of concrete by formation of secondary C-S-H gel at early stages due to fast pozzolanic reaction. The synergic effect of these materials in ternary blend cement system enhances mechanical properties as well as makes the resultant concrete durable (Mullick 2007; Kumar and Kaushik 2003; Radlinski and Olek 2012; Isaia et al. 2003) . Ternary blend of SF and FA reduces the requirement of dose of superplasticizer for the same workability with respect to OPC concrete and concrete using binary blend of silica fume (Mullick 2007; Goyal et al. 2008 ) and hence reduces cost.
In India, problem of fly ash disposal is going to be critical, due to expansion of number and capacity of thermal power plants to meet the increasing demand of electricity. Considerable researches (Radlinski and Olek 2012; Isaia et al. 2003; Goyal et al. 2008; Hariharan et al. 2011; Thomas et al. 1999; Bouzoubaâ et al. 2002) have been carried out to investigate the effect of replacement of 20 to 30 % of OPC with FA and SF but higher replacement level of OPC in ternary blend cement system is still needed to investigate intensively. The addition of silica fume with fly ash was found to increase the compressive strength of concrete at early age and improve chloride ion permeability, when compared to concrete made with fly ash alone (Mullick 2007; Hariharan et al. 2011; Thomas et al. 1999) . It has been found that there was no significant improvement in concrete containing 8 % SF and 40 % FA in the range of w/b ratio of 0.34-0.4 but it was advantageous for superplasticizer dosage, plastic shrinkage, drying shrinkage and chloride ion permeability (Bouzoubaâ et al. 2002; A.and Malhotra 1998) . For concrete using binary blend of OPC ? SF and for a ternary combination of OPC ? FA ? SF that has lesser amount of fly ash in it, 7 days of initial water curing was found to be necessary and sufficient to explore the pozzolanic activity but for mixes having larger percentage of fly ash, a long initial moist curing period was recommended (Goyal et al. 2008) .
The tensile strength of concrete is more significant in the design of highway and airfield pavements, concrete dams, etc. where failure occurs due to cracking of concrete as stresses exceed the tensile strength of concrete. The tensile strength of traditional concrete were investigated vastly but more investigations are required to study the effect of using different mineral admixtures in blended concrete on tensile strength, especially of concrete using ternary blend cement system (Neville 2000; Selim 2008) .
In this study effect of replacement level of OPC by FA in concrete using binary blend cement system and by FA ? SF in concrete using ternary blend cement system on compressive strength and split tensile strength at different w/b ratio was investigated. Based on Bolomey's equation, a mathematical model is presented to evaluate the efficiency factor for SF and FA in concrete using ternary blend of FA ? SF. The results are postulated to reflect the synergy between the two mineral admixtures. The relationship between split tensile strength and compressive strength was established by regression analysis and compared to the other empirical relationships. 
Materials Used

Mix Proportions
To study the effect of relative increase of fly ash and silica fume, three w/b ratios were selected 0.3, 0.4 and 0.45. This will cover the range of strength from high to medium. The total quantity of binder was kept constant i.e. 450 kg/m 3 for all w/b ratios. Control mix, two mixes using binary blend of OPC ? SF (7 and 10 % replacement by weight), four mixes using binary blend of OPC ? FA (20, 30, 40 and 50 % by weight) and eight mixes using ternary blend of OPC ? FA ? SF (total OPC replacement of 20, 30, 40 and 50 % by weight) were adopted for each w/b ratio and in total 45 mixes were cast, whose description are given in Table 2 .
Keeping the mass of coarse aggregate constant for each w/b ratio, mass of fine aggregate was adjusted for increase in volume of concrete due to inclusion of SF and FA. Details of the control mixes with w/b ratio of 0.3, 0.4 and 0.45 were given in Table 3 . OPC content was kept constant for each control mix, so that same quantity of Ca(OH) 2 is available for reaction with mineral admixtures for all w/b ratios tested. Superplasticizer doses were adjusted for each mix to result in slump of 100 ± 20 mm. Compressive strength was tested on cube specimens of 100 mm size and split tensile test was conducted on cylindrical specimens of 100 mm diameter and 200 mm height according to IS:5816 (IS 1999).
OPC, FA, SF, coarse aggregate and fine aggregate were mixed dry for 60s. in a pan mixer. Then 75 % of water was added and again mixed for 60s. Required dose of superplasticizer was added to the balance 25 % water. This water was added at the end and the concrete mixed for another 30s. Concrete was poured into the moulds and compacted on vibration table. Specimens were cast in triplicate for each test and demoulded after 24 h of casting. They were cured under water till the day of testing. Compressive strength was measured at the ages of 7, 28 and 56 days. Split tensile strength was measured at the ages of 7 and 28 days.
Results and Discussions
Superplasticizer Dosage
The superplasticizer dosage required for obtaining 100 ± 20 mm slump for all control mixes, binary blend cement mixes and ternary blend cement mixes for different w/b ratio of 0.3, 0.4 and 0.45 are given in Table 4 .
From the results, it is clear that SP dosages were higher in concrete using binary blend of OPC ? SF with respect to control mix, but it was significantly reduced in concrete using binary blend of OPC ? FA at all w/b ratios. SP dosages for concrete using ternary blend of OPC ? FA ? SF were also lesser with respect to control mix and binary blend of OPC ? SF, but higher than binary blend of OPC ? FA. This is due to spherical particles of FA which act as small ball bearings and compensate the higher SP demand which arises due to inclusion of SF with very high specific surface area in ternary blend cement system (Goyal et al. 2008) . 
Compressive Strength 4.2.1 Compressive Strength of Concrete Using Binary Blend Cement
The graph between FA replacement level and compressive strength is plotted for all w/b ratios at the age of 28 days for concrete using binary blend of OPC ? FA in Fig. 1 .
It indicates that when OPC is replaced with fly ash, the strength decreases with respect to control mix for all w/b ratios (Siddique 2004) . As the w/b ratio increases the percentage reduction in strength is more for same replacement level. For w/b ratio of 0.3, 0.4 and 0.45, at 20 % replacement level reduction in strength with respect to control mix is 9.71, 11.76 and 12.88 % respectively but at 50 % replacement level the reduction is 27.22, 43.66 and 51.64 % respectively. The reduction in strength is comparatively low at w/b ratio of 0.3 and higher at w/b ratio of 0.4 and 0.45. At lower w/b ratios, the contribution to strength by the fly ash was higher than in the mixes prepared with higher w/b ratios (Poon et al. 2000) . This may be due to filler effect of fine particles of fly ash which densify the matrix and improved the interfacial bond between paste and aggregate.
The graph between SF replacement level and compressive strength is also plotted for all w/b ratios at the age of 28 days as shown in Fig. 2 . It shows that as the percentage replacement level of OPC with SF increases, the strength increase for all w/b ratios. It attributes to fast pozzolanic reaction at early age and filler effect of SF (Erdem and Kırca 2008) . 
Compressive Strength of Concrete Using Ternary Blend Cement
In the present study, concrete mixes using binary blend of OPC ? FA were converted into concrete mixes using ternary blend cement system by substituting FA with either 7 % or 10 % SF. The trend between compressive strength at 28 days for different levels of replacement of OPC, by combination of FA and 0, 7 or 10 % SF are shown in Figs. 3, 4 and 5 for w/b ratio of 0.3, 0.4 and 0.45 respectively.
The graphs indicate that the compressive strength with respect to control mix increases first and then decreases after certain percentage of replacement level of OPC for all w/b ratios. When w/b ratio is 0.3 the strength of concrete using ternary blend cement system are higher than control mix up to total binder replacement of 40 %. Whereas for 0.4 and 0.45 strength concrete using ternary blend cement system are higher than control mix up to total binder replacement of 30 and 20 % respectively. This indicates that as w/b ratio decreases higher percentage of OPC can be replaced with mineral admixtures to get strength comparable to control mix. In the other word as w/b ratio increases, the amount of OPC reduction decreases to get strength comparable to control mix in concrete using ternary blend system. This may be due to larger size of pores at higher w/b ratio which are not reduced considerably due to formation of additional C-S-H gel and filler effect of finer materials.
Inclusion of SF in cement system increase the strength of concrete at early stage and increase the strength significantly of the concrete mixes, using binary blend of OPC ? FA. The percentage gain in strength of concrete mixes of OPC ? 7 %SF ? FA and OPC ? 10 %SF ? FA with respect to control mix and with respect to concrete mixes of OPC ? FA at the age of 28 days are tabulated in Tables 5 and  6 respectively for all w/b ratios tested. Results indicate that strength of concrete using ternary blend system is always higher than concrete using binary blend of OPC ? FA, whether gain in strength is more significant (at lower replacement level) or marginal (at higher replacement level). In the other words, ternary blends of OPC ? SF ? FA compensate the loss of strength of binary blends of OPC ? FA (Kazim 2012) . This is due to higher efficiency of SF as pozzolana, formation of additional C-S-H gel at early age, better particle packaging and strengthening of interfacial zone (Isaia et al. 2003; Thanongsak et al. 2010 ).
The graphs between compressive strength at 7 and 56 days versus percentage OPC replacement by SF and FA for concrete mixes using OPC ? FA, OPC ? 7 %SF ? FA and OPC ? 10 %SF ? FA are plotted for w/b ratio of 0.3, 0.4 and 0.45 in Figs. 6, 7 and 8 respectively.
From the graphs, it is clear that only 20 % replacement level with 10 % SF gives higher compressive strength than control mix for all w/b ratios at 7 days. This indicates that higher replacement level more than 20 % is not desirable in ternary blend cement system, where early strength is required.
However, it is clear that if early strength is not the barrier, it is possible to produce a high strength concrete with a compressive strength value of 50 MPa with 20-50 % FA replacements with adopting lower w/b ratio (w/b \ 0.4). The results also indicated that where early strength is not critical then it is possible to get the same strength concrete with adopting a mix with lower w/b ratio and higher replacement level of OPC with SF ? FA, instead of adopting a mix with higher w/b ratio and lower replacement level. For example, for making concrete having 60 Mpa strength at 28 days, it can be achieved by using 50 % replacement level of OPC at w/b ratio of 0.3, instead of using 30 % replacement level of OPC at w/b ratio of 0.4 in ternary blend cement system. At 56 days, the strength shows similar trend to 28 days strength for concrete using ternary blend cement system. But the strength increases significantly in concrete using OPC ? FA and is almost equal to respective concrete using ternary blend cement system which show the pozzolanic activity of FA has been activated at later stage.
The development of compressive strength with age for concrete mixes using ternary blend cement system at w/b ratio of 0.3 and 0.4 are shown in Figs. 9 and 10 respectively.
Synergic Effect and Efficiency Factor of FA and SF in Concrete Using Ternary Blend Cement System
The cementing efficiency factor, k of a pozzolan is defined as the number of parts of cement in a concrete mixture that could be replaced by one part of pozzolan without changing the property being investigated, which is usually the compressive strength (Wong and Razak 2005) and synergy can be defined as the interaction of two or more additives so that their combined effect is greater than the sum of their individual effects (Radlinski and Olek 2012) . In the other words, for reflecting synergic effect, the efficiency factor of SF and FA should be higher in ternary blend cement system than the efficiency factor calculated in their respective binary blend cement system. Pozzolanic activity index method (Papadakis et al. 2002) , modified Abram's law (Wong and Razak 2005) , modified Bolomey's equation (Bharatkumar et al. 2001; Malathy and Subramanian 2007) , etc. have been used by researchers to calculate the efficiency of different mineral admixtures individually in their binary blends or combined efficiency in their ternary blends.
For calculating the efficiency of SF and FA individually in ternary blend cement system, an equation was proposed by author based on the principle of modified Bolomey's equation for concrete using binary blend cement system. For control mix the Bolomey's equation for compressive strength prediction is given by following equation (Bharatkumar et al. 2001; Malathy and Subramanian 2007) : Table 7 Efficiency factor of SF and FA in concrete using ternary blend cement system. where f c is compressive strength of concrete in MPa, C is the cement content in kg/m 3 , W is the water content in kg/m 3 and A 1 , A 2 are constants influenced by ingredients and age of concrete. It is modified by researchers for concrete using binary blend of FA and SF as follow (Bharatkumar et al. 2001; Malathy and Subramanian 2007) :
where P SF is SF content in kg/m 3 , P FA is FA content in kg/m 3 and k SF , k FA are the efficiency factor of SF and FA respectively in their respective binary blend cement system. It can be further modified for concrete using FA and SF in ternary blend cement system by author as given below:
where k TB is a factor representing synergic effect of FA ? SF in ternary blend cement system.
where k SF 0 and k FA 0 are the efficiency factor of SF and FA respectively in concrete using ternary blend cement system.
A 1 and A 2 were obtained at the age of 7, 28 and 56 days from regression analysis with the compressive strength results of control mixes. Those mixes were not considered in analysis which resulted in very high or very low efficiency factor. Then using Eqs. (2) and (3) k SF and k FA were calculated using results of respective concrete mixes of binary blend cement system. Then k TB was calculated using Eq. 4 with the results of mixes of ternary blend cement system. Finally efficiency factor of SF and FA in ternary blend cement system were calculated by Eqs. (5) and (6). The results are tabulated in Table 7 .
The results clearly shows that efficiency factor for SF and FA are always higher in ternary blend cement system than their respective binary blend cement system, indicating synergic effect i.e. their combined effect in ternary blend system is more than the sum of their individual effects. The synergic effect is due to change in microstructure of hardened concrete (Isaia et al. 2003) . The size of pores reduced due to pozzolanic activity of mineral admixtures and filler effect of fine particles of FA and still finer particles of SF.
Split Tensile Strength
The results of split tensile strength also reflects similar trend as compressive strength. As w/b ratio increases, the effectiveness of silica fume to increase the tensile strength of concrete, using binary blend of OPC ? FA, is decreases in concrete using ternary blend cement system. Strength at 7 and 28 days at 0.3, 0.4 and 0.45 are compared in Figs. 11, 12 and 13 respectively.
The graphs are plotted between ratio of split tensile strength, f t to compressive strength, f c vs compressive strength for control mixes, mixes using binary blend of OPC ? FA and mixes using ternary blend of OPC ? FA ? SF at 28 days. Only those mixes were considered whose compressive strength was between 20 and 70 MPa so that all type of mixes were having common range of strength level. From Fig. 14 it is clear that for same compressive strength level, the value of f t /f c is higher for binary blend cement system of OPC ? FA as well as ternary blend cement system. This is due to filler effect of the finer particles of mineral admixtures and pozzolanic activity which make the concrete matrix denser and also strengthening the interfacial transition zone between aggregate and mortar (Mullick 2007) . This leads to better bonding between aggregate and mortar and hence tensile strength is higher. There are several empirical formulations for evaluating splitting tensile strength f t and compressive strength f c and most researchers achieved the expression of the type: (Neville 2000) .
where f t and f c are splitting tensile strength and compressive strengths in MPa respectively, measured on 150 mm U 9 300 mm cylinders at 28 days, k and n are constants of regression analysis. The value of n lies in the range of 0.5-0.75. In the current study 100 mm cubes were use to measure compressive strength. So, 100 mm cube compressive strengths were converted to 150 mm U 9 300 mm cylinder strengths by multiplying by a factor of 0.83 (Erhan et al. 2007) , Analyzing the present strength results of all concrete mixes and performing regression analysis for n value between 0.5 and 0.75, the best fit curve was obtained at n = 0.75 with more than 90 % confidence level by the following equations: 
The predicted value of split tensile strength by proposed model, ACI code (ACI 363R-92, State of art report on high strength concrete (ACI Committee 363) (Reapproved 1997) and CEB-FIP model (CEB-FIP, Committee EuroInternational du Beton (CEB-FIB), CEB-FIB Model Code 1990) are compared in Fig. 15 . It is clear that ACI code over estimate the tensile strength at lower compressive strength and under estimate at higher strength. Similarly CEB-FIP model also under estimate the tensile strength at higher level. Proposed equation predicts tensile strength closer to experimental value at higher strength level. Also Selim (2008) , Bhanja and Sengupta (2005) used higher n value of 0.717 and 0.948 respectively.
Conclusions
1. Ternary blend cement system of OPC ? FA ? SF compromise a better choice than binary blend cement system of OPC ? SF to get strength comparable to control mix due to its economical and environmental benefits. The superplasticizer dose is lesser and percentage replacement of OPC is larger in concrete using ternary blend of OPC ? FA ? SF.
2. If the cement content of control mixes at each w/b ratio is kept constant then as w/b ratio decreases higher percentage of OPC can be replaced with FA ? SF to get strength comparable to respective control mix. 3. If early strength is desirable the OPC replacement level in concrete using ternary blend system is limited to 20 % with combination of 10 % SF and 10 % FA. 4. If early strength is not the barrier, it is possible to achieve the same 28 days strength of concrete with adopting a mix with lower w/b ratio and higher replacement level of OPC with SF ? FA, instead of adopting a mix with higher w/b ratio and lower replacement level. 5. In concrete using ternary blend of FA ? SF, 20 % replacement level of OPC with combination of 10 % SF and 10 % FA showed higher strength than control mix for all w/b ratios and at all ages. 6. The efficiency factor for SF and FA were always higher in ternary blend cement system than their respective binary blend cement system, indicating synergic effect. 7. The split tensile strength of concrete using ternary blend cement system was higher than control mix due to strengthening of interfacial transition zone due to filler effect and pozzolanic reaction.
